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I.

INTRODUCTION

The concepts of tropical cyclone wind probability

are an extension of the strike probability concepts. The

latter are described by Jarrell in NAVENVPREDRSCHFAC con-

tractor report CR78-01 and will only be summarized herein.

Strike probability is a means of inferring from

a tropical cyclone forecast the probability that the cy-

clone center will be within an area at a specific time or

% ill pass through that area within some time interval.

The theory of strike probability is based on

the following assumptions:

(a) That all forecasts are subject to error:

(b) That some forecasts are more difficult

than others and therefore will likely re-

sult in a larger error; and

(c) That error occurrence is random so as to

approximate a bivariate normal probability

distribution (normal in both N-S and E-W

directions).

A study by Nicklin (1977) of western North Pacific

tropical cyclone track forecast errors confirmed the

soundness of these assumptions and provided a method to

distinguish forecasts of average difficulty from easy and

difficult forecasts. Nicklin also vrovided sufficient

statistical parameters to describe the bivariate normal

distributions for each of three classes and for nowcasts

. and forecasts of 24, 48 and 72 hour length.
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The strike probability program, now in an

operational status at the Fleet Numerical Oceanography

Center (FNOC), has been well received. Its major limita-

tion is that its use requires that the distance between a

passing tropical cyclone and a station or geographic point

be of some assumed significance. This usually requires

the assumption that if the cyclone passes within x nautical

miles of a station, winds of at least v knots will be ob-

served and that otherwise those velocities would not occur.

Wind probability somewhat removes this requirement by

directly estimating the probabilities for the two cases

of the winds being at least 30 and at least 50 knots.

Wind probability, then, represents an additional refine-

ment to the strike probability program but since the

original concepts allow user flexibility they will remain

an important part of the package.

In the pages that follow the wind probability

program will be described. The format will be two-tiered

with user oriented descriptive material in the first sec-

tions and more technical material in the last section.

This design permits relatively light reading which will

sufficiently describe the use of the model for most users

without wading through the whys. The purpose of the tech-

nical section is to provide indepth information sufficient

to describe the assumptions made, and some indications

as to how critical and how good these assumptions are.

This kind of information better equips the user with an

appreciation of the precision of the output numbers and

the conditions under which the information is likely to

be most (or least) representative.
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Section I

DESCRIPTIVE SECTION

1.1 Probability: General

The probability of some event occurring is often

used as a guage of the risk involved. Suppose the prob-

ability of a person being struck by lightning on a

particular stormy day was estimated to be I in 1 million.

This does not mean he will not be struck, although we

certainly consider it unlikely. It does not mean he

will be hit by .000001 lightning bolts since fractional

parts of a lightning bolt do not exist. It does not mean

the probability of his being hit is 0.000001, for the

real probaibility can only be 1.0 or 0.0, and can only be

known after the fact. It is, however, an estimate of that

p1)rtiun of like cases (man stands in rain) in which the

event (he gets struck) is likely to occur.

For descriptive material, this may appear to be

an unnecessary technicality but it is vital that this be

understood. What we call probabilities are always estimates.

When we use a normal (or some other) statistical distribu-

tion, remember we have only made an approximation. The

proof of its goodness is how reasonable are the estimates

of probability over the long haul. To test reasonableness

we usually use some sort of a statistical test over a large

number of cases. In this paper the normal assumption is

invoked several places. We try to minimize the risk that

this assumption is inappropriate by being selective and

only applying it where it at least appears appropriate.
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1.1.1 Why Probability?

Tropical cyclone forecasts are inaccurate. A

24-hour forecast tells us the precise latitude, and

longitude where the cyclone will be located 24 hours hence,

and it tells us what the maximum wind speed will be and

how far 50 and 30 kt winds will extend outward from the

center. The problem is that we can only be sure it won't

happen that way, at least not quite. Typically the posi-

tion will be off by 80 n mi, the wind speed by 10 kts and

the radius of 50 and 30 kt winds will be off by 501C. We

recognize that there is some threat of damage and personal

injury at points in and near the forecast path of a tropical

cyclone. We want to introduce the use of probability as

a step toward quantifying this threat.

1.1.2 Decisions Based Upon Probability

Any time a rational person decides between

alternative courses of action, he has estimated that, under

probable outcome conditions, he will be better off with

the selected choice than with any other.

A simple case, which occurs frequently in real

life hurricane or typhoon evacuations is deciding whether

to move a boat to an inland shelter or to leave it tied

to an exposed pier. Let's make some estimates of the

factors involved. The relevant factors are:

C = Cost of evacuation

1, = Value of boat (potential loss)

V = Critical wind speed -- the maximum wind whichc

the boat can withstand (stronger winds will

destroy it, weaker winds will do negligible

damage).

-4-
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We recommend moving the boat only if the moving

cost is less than the probable loss if it is left. or

C < P(Vin > V " L

Where

P(Vi> V )m C

is the probability that the observed maximum wind (V ) is

-reatF r than the critical wind. This expression is usually

rearrnged and read: Act only if P(V >V C/L

For example, suppose it costs $100 to move a

SI 0.' () )oat to safety and our critical wind speed is 50

kts. Then C/L = .01 1 ,, thus we would move the boat only

when the probability of' 50 kt winds (or gtreater) exceeds

I .

This is a workable relationship despite the

dlifi(uty in estimating C, l, and V . The typical case is,C
°

that potential losses are s () nuch greateor than preparation

OStS. that the "action probabilities" are typically very

small and ye rv crude estimates of C. L, and V don'tc

greatly change the outcome.

Thert, is ac ommon seInso preocaution asqsociated with

this rule which (,an he illustrated h~y our boat moving

,,xamp I (. When we arrivod at lC as the, "action probability"

(of 50 ki winds we note that ii the probability is 1 or 2'

(eithe-r ()I' which qualif'y) the probability of the maximum

wind being less than 50 kts is 98 or 99'i. If it takes

-5-



on ly a f'ew hours to move\( the bo(at , we s;houl d wait until we

can just (ecota)l omp let the move be forei(, the o)nset o)f

inc lement weather. Thu-; wke don't waste our Lit m nd we

g 1 ye iat ure as m1-uch o)ppocrt unity as possible to 't-'(t us; 01*

the hook. Th e reach ing olt the "act ion pro)babi I i t %v' thlen

is a necessary hut not a sufficient condit ion.

The above extends ea s ily to choosing bet ween three

alternate courses of action. Consider the following example

ot' a medi um s izedi, and hptheica1,police fo0rce %khi Ch will

man vari ous emergency posts dependent upon which of 3 hurri-

cane events is I'orecast . We assume the mlost likely (the

mnode ) willI be forecast.

Minor event requires 2 man days

Moderate event requires 10 man days

Major event requires 50 man days

There are "penalty' costs associated with either

u nde re st ia t i ng o,(r o ve res t i mat: i ng t lie req u i reme n tS %k-h i c h

a re expI'e55('d in mnan days in the fol lowing cost table.

The f 1 emen t s, on i hie d igena I represen t thle co.s;t olI' correct

manniing-, and those oft' the diagonal represent the cost of

e i ther over- or undermann ing.

Actual Occurrence

Action Options Minor Moderat e Major

I Main for mi nor event 2 1 7 97

2 Man For moderate event 11 10 85

3 Man For major event 60 55 50

Cost contingency table for hurricane manning (man days)
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A rational decision is one which minimizes the

expected cost. If we can estimate the probabilities of

each outcome occurring PP P3' then the expected cost

i f we use:

Option 1 is C 1 = 2xPI + 17xP 2 + 97xP 3

Option 2 is C 2 
= llxP + lOxP 2 + 85xP , and

Option 3 is C3 
= 60xP 1 + 55xP 2 + 50P 3

For example suppose P, = .45, P = 35 and

P = .20. Note that we assume no other outcome is

possible (minor includes no event) P I+P2+P3 = 1.00.

C1 = 2x.45 + ]7x.35 + 97x.20 = 26.25

C 2 = llx.45 + 10x.35 + 85x.20 = 25.45

C3 = C0x.45 + 55x.35 + 50x.20 = 56.25

Since C29 is the course of' action with the mini-

mum expected cost , it. should be selected. Notice that

the minor event is the most probablo,but in this case.

the best bet is slight over preparation. The difference

in CI and C2 may be trivial, but certainly either is

preferable to C3 '

Figure I summarizes this problem in three graph-

ical depictions. Figure Ia shows a lxl graph of P vs P 2.

Note for any P,' P2) a value of P3 is determined since

P3 = 1.0-P -P Thus in the lower left corner P1 and P2

are small, and 13 is near 1. The space blocked off in

--



Figure la. Illustrates sec-
tions of a lxl probability
square wherein events 1, 2
or 3 arc, the most likely of

Moelthe three mutually exclusive
_0.5( events which are also

M =exhaustive (PI+P 2 +P 3 = 1.0)

Me d e= T3

pS0. 50 1.0

2.U( Figure lb. Illustrates sec-
tions of a 1.Kl probability
square wherein the expected
cost is minimized by plan-

ning for events 1, 2 or 3.

10. 5C

0ml =3n

0 0. 50 1.00

P
1.00 Figure Ic. Combines figures

la and b. Illustrates con-
ditions under which over-
preparation (vertical hatching)
and underpreparation (black)
minimizes expected cost.

Po. 50 21 -1, 2 Number pairs (NJ, N 2 ) are

minimum expected cost event,

most likely event.

3,3

0 0.50 1.00

Idmkt



the lower left is the region where event 3 (major hurricane

event) is more likely than either events I or 2. Similarly

the upper left and lower right represent the combinations

wherein events 1 and 2 respectively are the most likely

outcome. Notice that combinations of PI' P2 in the upper

right triangle do not exist since P +) 2<1.

Figure lb is a ,graphical representation of all

possible combinations of Pl' P2 and the minimum expected

cost o)f each for the police department problem. Note there

is a similarity between figures la and b. Near the corners

where the outcome is fairly certain, the most likely outcome

is the best one to plan on; however, in the middle region

that, is not true.

Figure Ic combines figures la and lb. In the

area with vertical cross-hatching, the most likely event to

occur is one, a minor event; however,the expected cost is

less in this region if we provide more manpower than that

which is most likely required. In the shaded regions,

the least expected cost occurs when we underman.

This type argument can be extended to any number

of possible courses of action, although the computations

become laborious. Graphical solution is restricted to 3

or less. A programmable calculator could nicely handle

up to 5 or 6 opt ions.

It should be noted that a categorical forecast

does not provide the information required for this type of

risk analysis. The difficult part of applying these

methods is obtaining the probabilities. Providing the

probabilities is the subject matter of this research.

-9-



1.2 Basis for Wind Probability

When a large supertyphoon is only a few hours

away from us and closing, we can make a pretty fair estimate

,)I the probability of 30 or 50 kt winds occurring at our

Jpos it ion. When the same supertyphoon is several days away

and/or forecast to pass some distance away we have great

difficulty in making such an estimate.

In the following discussion we will illustrate

the factors involved in wind probability estimates. These

are the same factors we have always considered in tropical

cyclone evasion planning, but we are now consolidating

their effect into a single number. For purposes of illus-

tration we will refer only to the probability of at least 50

kt winds. Similar development could be made for 30 kt

winds.

Figure 2 illustrates a simple 24 hour tropical

Cyclone forecast. The hurricane symbol on the right is

the nowcasl position surrounded by a circle representing

the radius of 50 kt winds. The dashed circle represents

the same infhrmation for a day later. The latter is a

forecast and as such is subject to error. The "x" in

figure 2 represents the point of interest which might be

an island or our ship's intended position. If our point

is located within the 50 kt wind radius, it will experience

winds of at least 50 kts. The factors involved are d,

the distance from the cyclone to our point and R 5 0 , the

radius of 50 kt winds.

-10-



/ RR 50 \

d

Point of interest

forecast nowcast

Figure 2. Schematic of typhoon forecast. Typhoon is forecast to pass

point of interest so that point will be within 50 kt isotach.

d-*

' 50 100 1]0 200

in this region d > R 50

winds will be < 50 kts

+ + +

R 50 100+. + +

in this region d < R50

winds will be > 50 kts

150- + + +

200+ + + +

Figure 3. Schematic of possible relation of passing distance (d) to

the radius of the 50 kt isotach (R50 ).
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Figure 3 relates d and R5 0 . Notice that anytime

d is less than R5 0 , our point is inside the 50 kt wind

circle, and will receive winds over 50 kts. The lower left

f tig,-ure 3. represents the "hit" region. any combination

of d and R in the "hit" region gives rise to 50 kt winds50
at our point.

Both d and R50 are available from the orecast.

R50 is given directly and d can be computed or measured.

What we reall would like to know is the yerifying d and

H50 s.ince we know these will differ from the forecast.

We, of course, won't have the verifying values until after

tht fact but we can estimate the probability of all possible

value occurring.

A forecast error making the cyclone's closest

point of approach (CPA) nearer to our point or making the

radius of 50 kt winds larger than anticipated increases

the threat of 50 kt winds. The opposite is also true in

that colmbinat ions of an increase in CPA distance and a

decrease in R50 greatly reduce the threat. An increase in

)(oTh ()r decr(ase in both tend to be offsetting and hence

miay alter the threat little.

Figure 4 presents a depiction of these probabilities

for a hypothetical 115 kt typhoon which is forecast to pass

100 miles from our point with a 50 kt wind radius of

90 1 mi.

Fiure Ia shows a 24-hour histogram of R50 for the

~as, typhoon 25 nmi increments which is based on a study of

max imum wind and wind radius forecast errors. The distribu-

t i ,, is somewhat skewed to the left because the 0-25

-12-



20% 20%

10%/17

(a) 0 (b

G 100 20) 300 0 100 200 300
100% -100%

P(R 50 ' X) P (d< X)

50%

(d)
0 (c) 0___________________

0lD200 300 0 100 200 300
x ni ml0 -~ x n ml -

25

50

P(R 0 x) 50%- .....

0 -5

50%, 1007

P(dCx)

Figure 4. Depiction of probability density distribution of the radius of
50 kt isotach R (4a), passing distance, d (4b), 4a summed right to left
(4c), 4b summed eft to right (4d),and 4e is a combination of 4c and 4d.
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nmi grouping includes all the cases where the maximum wind

is less than 50 kts.

Figure 4b shows the probabilities of the case

cyclone passing within various distances of our point of

interest in 25 n mi increments. These are computed by

the STRIKP program. Figure 4c is a summation from right

to left of figure 4a so that the probability that R50 is

greater than x is depicted.

Figure 4d is a summation from left to right of

figure 4b so that it depicts the probability that d is less

than x. These two curves are then combined in figure 4e

where coordinates are probabilities. This square graph

can be thought of as all possible outcomes, where the lower

left (cross hatched) section represents all possible cases

where d < R.50 This is the requirement for observing 50

kt winds at our point of interest. The cross-hatched area

is 29c of the total, inferring that the probability of our

point receiving 50 kt winds is 29'.

-14-



1.3 User Information

The WINDP concept is a model , and as -uch it is based

on a series of assumptions which generally apply but under

certain conditions may be invalid. The following is in-

t(-nded to give the user insight into the model assumptions

so that he can recognize situations where the assumptions

and hence the results are suspect.

1 .3. 1 Forms of Probabi 1 ities

Probabilities are rounded to nearest whole per-

cent. They are provided relative to 3 events occurring at

7 different times or within 7 different time periods alter

the firecast time.

The events are:

Strike will occur: The typhoon center will

pass through an area defined by the user.

50 kt winds: Sustained winds of at least 50

kts will be observed at the point of interest.

:30 kt winds: Sustained winds of at least 30

kts will be observed at the point of interest.

The times are 0, 12, 24, 36, 18, (0 and 72 hours

alfter the warning time. Probabi lit ies are given in two

modes, instantaneous and I ime integrated. For example, the

2-1 hour instantaneous event means that the occurrence would

be observed at 24 hours after forecast time (fforecast

initial time). The corresponding time integrated event

means that the occurrence would be observed within that

24 hour period (0-24 hours after forecast time). While

the capability exists to time integrate the probability

over any time interval it is only published for time

-15-



intervals beginning at 0. The probability for an included

interval cannot actually be inferred from the published

information but might be estimated as follows:

If PS t  is the time integrated probabilitytjt 2

over the time interval (t 1 ,t 2 ) and, PI t  is the instantaneous

probability at time t then PS can be approximated by

PS PI + (PSot - PS0 ) where1~l2 t t2 1!

this will be an underestimate of PS The error will

he negligible for small PSot (<5') increasing to the point

where i t is not recommended lor PSot >50o.
1

1 .3. 2 Accuracy of Probabilities

Since we have defined probability as an estimate

to ;a , uantity that really cannot be measured, the term

ac'(uracy has l ittle meaning here. We never show more than

tw(, significant n-uvibers. This is partly due to the need to

(i m!ac(-t data for mossage transmission, but the important

re,-astn is that thot additional precision afforded by an

addit i on:al di git i s nonsense. Testing indicates the numbers

tr(. rI,,1hf\ 1 vaiid t, within 10', ol their value (see s'ection 2.7);

hat is a pr babi lity ()f 10', should be regarded as 9-llq.

h. ,c ilrac (t' small probabilities (below 107c) is limited

II(t'h, numb(r o!, significant digits given: therefore 1t(

huld lU r~ruidvd as being within the range 0.5'- to 1.5'.

This< is ,. id, l'.! to fairly reflect the actual precision

in the nnumr ind nk)t to warrant reporting to more signifi-

(ant di,its. For this reason we never consider a predicted

p r,,h: h i Iit I )(. pt1rec i se lv 0 (r 1. Hence we use the symbol

-16-



(IN-insignificant) instead of those values (<0.005) which

would round to less than Y'", and at the other end we

artifically constrain probabilities to <99'-.

1.3.3 Input Errors

By far the most common problem with WINI)P or

STRIKP is erroneous input data. There is an internal

check on the input track forecast. Any motion which is

unusual (would be expected to occur only 5K of the time

naturally) is flagged. When this flag "UNUSUAL MOTION

NOTED ALONG FORECAST TRACK" is received, the input forecast

should be compared with the warning center message for

ac(uraCV. In the event of discrepancies, FNOC should be

,t i fied, but the output should be viewed as suspect. The

same advice applies to discrepancies in wind speeds also.

1.3.4 Land Influences

Wind probabilities are doubtful over land. This

is true because wind forecasts reflect track forecasts with

rospect to landftall and length of the forecast overland

stay. To the extent the track forecast with respect to land

is inaccurate, the wind forecast will be biased. This

hi as should be minor for islands and for coastal areas

when the cyclone is approaching from seaward. Land influences

are manifest as rapid decreases in the instantaneous wind

probabilities, most notably the 50 kt wind probability, near

forecast landfall time. If the point of interest is inland,

probabilities will be too large. For the case where the

point of interest is coastal or in open water and the fore-

cast is overland, probabilities will be understated. In

both cases the time integrated probabilities will be less

biased than the instantaneous probabilities.

-17-



- 4 Input/Output

1.4.1 The input for the WINDP model is by card image

ond includes only information sufficient to idontify the

proper tropical cyclone in the FNOC files and a geographical

position about which the threat is to be evaluated. This

latter information is stored internally for 9 Western

P'acific points and will be retrieved if no geographical

(,oordinates are provided. As a matter of' convenience the

STRIKP program is built into the WINDP program so radii to

the right and left (relative to forecast track) of the

),)int of interest are required to define the "strike" area.

The Following information is required input:

Cyclone name, i.e., WANDA, TD02,

TC17-80

Ocean Basin - NA (North Atlantic), EP (Eastern

Pacific). WP (Western Pacific)

(WINDP is presently valid for the Western

Pacific only)

Cyclone number - consecutive basin number

For year

Month, Day and GMT Hour of forecast

Number of tropical cyclones in basin (West-

Pac only)*

Latitude/Longitude of point of interest*

Radius left and right (relative to forecast

track)* which defines strike area

*Values will be calculated or assigned if not provided.

1.4.2 Output

The WINDP output is presented in three modes:

(1) Individual users mode (2) standard nine point mode and

(3) field data for Naval Environmental Display Station (NEDS).

-18-



1.4.2.1 Individual User Request: This output is illus-

trated in figure 5. Featured are strike, 50 kt wind and 30

kt wind probabilities at 12 hour intervals to 72 hours after

for cast issue time. Instantaneous and time integrated

probabilities are provided. Additionally. the forecast

which forms the basis for the probability estimates is given

in abbreviated form for validity checking.

1..2.2 Standard Nine Point Output: This output is

iliust rat,-d in figure 6. The format is similar to that of

f i r. 5 . A fore(ast diff iculty class is provided for

JT1% U(" (St - Jarrel 1 . oet al , 1978

. Field I)ata Output: This output is derived by

inpltI in _ iho, latitude/longitude of FNOC global band grid

p) in . , i. , the p()int of interest in the WINDP model. Of

thf' 12 va 's Qm(put0(d at each grid point (strike. 50 kt

aind 30 kt. instantaneous and time integrated, at 7 time

sto.ps -72 by 12 hours (3x2x7)), 18 of these are retained.

Thoso a 'o, ~: Hiko,. 50 and 30 kt, instantaneous and time

ntv:-t~!~,( it 21. -18 and 72 hours (3x2x3=18). Samples are

sb(,',.n in I i gulo. 7 and 8.

Fi -ure 7 (top)) i lust rates a l'or(cast for

typh(u)n OWEN in September 1979. The hottom portion of the

I goure illustrates contours of the instantaneous probability

of 50 knot (or greater) winds from OWEN it 24 hours, 48 hours

and 72 hoturs (lof't to right). Notice that instantaneous

probabilities tend to decrease with time. This is because
ais ncrtainity increases (farther into future), the threat

to any point near the forecast track decreases as those far

from the track increase. Note the spreading of the 2,

contour and simultaneous contraction of the 10'! contour from

24 to 48 hours. The total probability that 50 kt winds
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STRIKE AND WIND PROBABILITY FORECASTS FOR TROPICAL CYCLONE OWEN

FROM 260600Z BASED ON FOLLOWING FORECAST
002371290100 122481286105 242601285110 482871311085 723121363065
STRIKE IS BEING WITHIN 50NM RIGHT AND L5NM LEFT OF 26.3N 127.7E

STRIKE PROBS OOININ 121115 242431 360832 480332 600132 720132
50 KT WINDP 000505 124041 2446,19 361950 480750 600250 721N50
30 KT WINDP 005151 128282 248183 365983') 483183 601183 720383

Fig-ure 5. Example of output in response to an individual user
request . The "user' identified Typhoon OWEN, warning at
260600Z Sept 1979 and speci fied area ot interest as 75 n mi
lefti and 50 n mi right of 26.3°N 127.7°1 .

STRIKE AND WIND PROBABILITY FORECASTS
OEN 260600Z
SUBIC BAY THREAT NIL
CLARK AS OCININ 121NIN 241NIN 361N1N 481NIN 60ININ 721NIN

50 KN(O OOININ 121NIN 241NIN 361NIN 481NIN 60ININ 721NIN
30 KNOT OOININ 121NIN 241NIN 361NIN 481N01 601N01 721N01

APRA GUAM THREAT NIL
ANJFPRSEN THREAT NIL
KADENA AB OOININ 121115 242431 360832 480332 600132 720132

50 KNOT 000505 124041 2446a9 361950 480750 600250 721N50
30 KNOT 005151 128282 248183 365983 483183 601183 720383

YOKOSUKA OOININ 121NIN 241NIN 361NIN 481NIN 6(,0101 720105
50 VNOT OOININ 121NIN 241NIN 361NIN 48ININ 600102 720106
30 KN ONIN 121NIN 241NIN 360101 480307 600713 720616

O ININ 121NIN 241NIN 361NIN 481N01 6011.'01 7?INOl
0 1: K) O INiN 121NIN 241NIN 361N0?. 4 1N03 601N04 721N04
'.. KV , C0 707 121727 242028 361129 4,0<0530 600230 7?1N30
r, T F O IN IN 121NlIN 241NIN 361NIN -It,'N 6 0101 720105

. T ODOININ 12 1N ," 241N IN 361NIN '-I' , ,0102 720106
3? .NOT O0NIN 1?ININ 241NIN 361Nel 480307 600612 720616

H KON G OOININ 12ININ 241NIN 361NIN 48ININ 6OIWl N 721NIN
., -1OT OOININ 12TNIN 241NIN 361NIN 481NIN E0It, 'N 721NIN
3 0 KNOT OOININ 121NIN 241NIN 361NIN 481NIN 60ININ 721N01

FOR JTWC..ILASS= ONE
PROBABIL'ITIES BASED ON FOLLOWING FORECAST
002371290100 122481286105 242601285110 482871311085 723121363065

Figure 6. Example of standard output for 9 preselected western
Pacific points. The strike areas are within 75 n mi left and
50 n mi right of these points.
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72 HR FCST 65 Q

I' 48 HR FCST I85 V -

.24 HR FCST 1110 KTV

' Initial Warningnt anPosition Typhoon OWEN
100 KTI 0600 GMT 26 SEPT 1979

TROPICAL CYCLONE WIND PROBAIL:I;ES
I!NSTANIANEOUS 50 XT WINDSI

FOR TYPHOON OWEN
(0600 GMT 26 SEPT 19791

*ll rI, -

-4 HR 48 4HR 72 HR
- I ' .I

F i ure 7. T( 1)" 1lot of a foirecast of typhoon from 0600 GMT
" ( Sep tember 1979.

13o t t (m Map o r the ins I ant a neous p robab i Ii t ie of
50 kt w i id s occurri n 24. .18 and 72 hours later.
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2-I Ii 10' kl~ t~ -t dow)%n to 65 k, ts WilIe the( re isI t-

iI InNInulIwH WInds 11-1 50'-(ifg.I ktis at 2 1 lheu!'-

'i k k>i>. Irewctt ) l( . k I-I is a subist ant i'l 1 1)I'oL.-

t Il i il 12' 1 that t I.lit 7 2 hi u r na x i imm, wh *i r
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lau 11d aI I mn U h 1 n1a i r1 l ess than f 1 -I hour The ma - , -I
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IL t ra"1t 'd prL~i Ihi itI ieCs fors ri ke. asi-- wel aIIs 50 all c 30 hkt

1.(, sL' depi c' t 1 1 he samle p) r( lA II) i I i t i es \ti th11in1

N( Ii 1 Nt tha~iI t he 50 k t w ind probab i i t loes are,( I at rge r

i - i k() pr hbi I i t.ie and sma I I er thIan ifhe1 3 0 kt I w id

I'' ho I I s. tlt o alr is o I %;,rs I. v v rue hut t he

lr.' it n If Yi l i f t hie ('xpe( t 0(1 rad is of 50 k I i n ds is

<Pt at (,.111 tha the ra Id i us I) flie ''s t r ike''( a rea

N, c t 1;1 th t i 1t c)iflpa Ii u1g thle 418 liour IN lot to thle

2 1 1) HI p t .I het I,, me i ift egra t ed p)rob ab i I i t i e in11c reus e ( or1

I'l ja n Ii 11 1 a 1i t ) in1 t i mue. T he( poti o )f Ilia xj fi 11 probah i 1 i t y

cs ;d sp I) a-ced sIi ghIft Iv a iheaId of t he i n i t ja : 1 point Wil Ie thle

iin. i il I) r(I) ah i Ii t I es forI a t vp)h -oon kvillf uta IIy b e lie Ir

I (tO' a t t he I n i t iIa I po i n t t h is w i I I ra reI vbet r ifI
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represented on the plot because of the coarseness of the

grid unless the initial point nearly coincides with a grid

point. This deficiency is considered to be of no importance

since high probabilities are expected there. The grid

spacing is quite adequate to represent the distribution of

probability away from the center.

In figure 8d, the 24 hour strike and 50 and 30 knot

wind probability plots have been overlaid with a danger area

plot as defined by Commander-in-Chief, U.S. Pacific Fleet.

This suggests some inconsistencies in levels of safety in-

herent in using this type of plot. First notice that the dan-

ger area equates to a 30 kt wind threat of about 40% ahead

of the typhoon and about 60',( behind the typhoon. Whether

this difference is justifiable on the basis that greater

risk is acceptable behind than ahead of the cyclone is

unlikely. Notice that the danger area in this case closely

coincides with the 5"', 50 knot wind probability. It should

bc, noted that for larger (smaller) cyclones this 5'c contour

would be larger (smaller) as would the CINCPACFLT danger

area, and both would al.o increa. in .,ize with increasing

forxkard speed. Unlike t.he ('INCPA('IF:T danger area. howev%,r,

th( ,5r contour would also vary as a funct ion of forecast

difficulty, allowing more safety margin 1()r more difficult

forecasts. Some easily (lescribed \ariati(,n on the 5c, 50

kt WITNDP contour might be d(eveltl1d which would more con-

sistently provide the safety trcin that (INCACFLT desires.

-24-
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Section 2

TECHNICAL SECTION

2.1 Introduction

The intent of this section is to provide infor-

mation useful to anyone involved in either extending or

modifying this work. This represents the scientific

documentation of the models theoretical basis, assumptions

and supporting documentation as well as a sample model

calculation and the results of some independont data testing.

2.2 Theoretical Basis for Wind Probability

We assume that in a tropical cyclone winds measure

from a background value of' V at distance from the center0

r toward the center of the cyclone to a maximum (Vm) at

a radius (Rm) from the center. Then it follows that, an

isotach of a wind speed of concern (V0 <V c<V m) exists at

some distance (Rm <R c<r ). With this basis we assert that

if the cyclone passes at distance (D) from a point of

interest, that point will at some time observe winds in

excess of V if, and only if, D<R

The probability of this occurring is given by

P(D<R ). In the strike probability model this is determinedc

by integrating a bivariate normal probability density

function over a circle of radius Rc centered on the point

of interest. Notice that any position (and hence a dis-

tance D between two positions) can be expressed as a fore-

cast position (lat, Ion) and a forecast position error.

The bivariate normal function follows an assumption that

forecast position errors are so distributed about the

-25-



forecast position. The WINDP model takes this one step

further and -ssumes that R is also a random variable. Now
c

the probability of observing winds of V is given by the' C

Joint probability: P(D<r, Rc=r) or P(D=r, R >r) summed

,%,ver all possible values of r.

It is important to note that the foregoing assumes

that the maximum wind is at least as great as V There-
c

fore the more general probability expression is

P(D'r. R 'r, V >V ).
. rR m c

We have some information about the relationship
between D, Rc, and V m . To a reasonable approximation, we

(-afn approximate Rc from Rm , Vc and Vm using the Riehl (1963)

profile Vr 0 .5 = const, or R=(V m/V c) 2R M. Using the JTWC

warning data and inferring R from the radius of 50 kt windsm

r the radius of 30 kt winds and V ,we note a rather strong

linear relationship between Rm and Vm (P = -.64). This is

xpected since the relationship for Rm involves V -2
m m

(inverted from above). The occurrence of a particular

combination of D and V can be expressed as a particularm

deviation from a forecast state (position and maximum wind).

An examination of a sample of forecast errors, rather

surprisingly, suggests these deviations are independent.

(See section 2.3.1.3). Based on small correlations be-

tween position error components and maximum wind forecast

errors and the known relationship between maximum wind and

radius of maximum wind, errors in the forecast of position

are assumed to be independent of errors in the forecast

of the wind profile (maximum wind and radius of maximum

wind). Hence the joint probability:

-26-



P(1<i, R >r, V >V ) = P(D<r).P(R,>r, V >VRer m c 'm c

The last term on the right can be written

P(Rc1r, NV) = P(R-r, V V1

V. =V

or equivalently"

V.

SP(R>r Vm=Vi)P(Vm=V

V. =V
1 c

The probability then that a point will receive winds of at

least V is estimated by summing this over all r values
c

V.=W

P(D=r ) P(Vm=V i ) 'P(R c >r , IVm=V i )

r.=O V =V
J

Term I Term 2 Term 3

2.2.1 Computation of Probability Terms

Term 1 is computed just as in the STRIKE

probability model. The spatial integration of the bi-

variate normal probability function is performed over a

narrow ring centered about the point of interest with

mean radius r..
J
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Terms 2 and 3 are based on multiple linear regres-

-ion equations which predict R and V as a function ofm m

sexeral predictors, but most importantly, the forecast of

R, (implied from R and R 5 0 ) and V issued by the JTWC.

In the development of the regression equations for Rm
p,.rlfect" information on Vm was used as a predictor. This

s necessary because the form P(RC >rlVm=Vi ) assumes a known

V (See Sec. 2. 2).

Term 2 uses a multiple linear regression equation

for the maximum wind in the form V a +a i " a aX
where the Xis are the predictors. The probability P(Vm=V i)

i., calculated by assuming that the actual maximum is
,

normally distributed about a mean of V with a standard

deviation equal to the standard error of the regression

equation. (See section 2.3.1.2.) This normal function is

then integrated over a small interval centered on V i .

Term 3 uses V. above among other parameters in a1 ,

regression equation for the radius of maximum winds R

in the form

*1

R b + bI + + bn n

The actual verifying R is assumed to be normally distributed
, m

about a mean of P with a standard deviation equal to the

standard error of the regression equation. A value of

R. , the radius of maximum wind which would be required withIj

maximum wind V. to produce a radius of the V isotach1 c

equal to r. is given byJ

2
Rij = rj(Vc /V i )

-28-
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The probability,

P(R >r Vm=V )
c- j m

is then equated to P(RM R ) and obtained by intc.grating

the assumed normal function from R.. to inlinily.

2.3 Wind Error Study

Data: Two data sets were used in this study.

The first set was assembled at NEPRF (Brody. et al, 1979).

It includes information relative to the nowcast (0 hour

forecast.) from the Joint Typhoon Warning Center (JTWC)

tropical cyclone warnings.

Included is:

Date time information

Storm identifying number

Position (latitude and longitude)

Maximum wind (this is post analysis, as

opposed to nowcast information) in knots

Radii information for 100-, 50-, and 30-kt

winds (i.e. , when maximum winds exceeded

these values) in n mi

The data set covered the years 1966-77, however

only the 6 years 1972-77 were used in this study. It

should be noted that this set does not include tropical

depressions.

The second data set was reduced by SAI from

JTWC warnings held by Fleet Numerical Oceanography
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Center, NEPRF or the Naval Postgraduate School. This

accounts for roughly 80 of the warnings issued by JTWC

during the 1972-77 time period.

This set includes:

Storm identifying number

Forecasts at 12-, 24-, 48- and 72-hours of:

Latitude and Longitude

Maximum wind (in knots)

Radius of 50 kt winds (n mi)

Forecasts of radius of 30 kt winds at 24 hours.

The two sets were matched so that essentially all

the information from JTWC forecasts was on one record.

During this time JTWC issued 3374 warnings, with about 60,

of them appearing complete in this file. Part of the missing

data is attributable to the exclusion in the NEPRF file of

warnings during the tropical depression stage and another

part is due to missing warnings in the SAI set. The latter

consist mostly of occasional missing records within a

cyclone which are of little consequence since a single

warning offers virtually no independent information above

that contained in the adjacent warnings.

One further limitation was placed on the data

set in that land influences were removed whenever possible.

Using a FNOC sea/land routine, any forecast or verifying

position near land and subsequent forecasts of the same

warning were flagged for exclusion. "Near land" was

determined by examining the position and 6 surrounding

points equally spaced on a 60 n mi radius. If any two

adjacent points of these seven were overland the position

was flagged.
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The NEPRF information was treated as ground truth

for the purpose of forecast verification even though this

was recognized as having limitations.

Radius information proved somewhat inconsistent.

For example, 50 kt wind radius information is given in

the 12-, 24-, 48- and 72-hour forecasts, while 100 kt

radii information is given only in the initial forecast

(nowcast), and 30 kt information is present only in the

nowcast and 24 hour forecasts. When the wind is (or forecast

to be) below 50 kts, no 50 kt radius information is gi\en,

thus no radius information would be available at 12-, 48-

or 72-hours. To avoid losing this information some steps

were taken to make the data consistent and to fill in for

missing data. This is somewhat undesirable because a

systematic model must be assumed. That assumption will

thereafter impact the results, but without such a model we

would be unable to handle cases with no forecast of 30 or

50 kt wind radii (low wind forecast).

To make everything consistent, all radii and max

wind information was reduced to two numbers - maximum

wind (V ) and radius of maximum wind (R m). This was donemm 5
by using Vr = const (Riehl, 1963). With a maximum

wind forecast (or observation), a radius of maximum wind

could be inferred from the 30, 50 or 100 kt radius. The

100 kt radii data appeared to be inconsistent with the other

information and was thus ignored. Where two usable estimates

of R were possible (both 30 and 50 kt radii were given)m

a mean of the two was used.
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To handle the cases where winds were forecast to

be less than 50 kts in the 12-, 48- and 72-hour forecasts,

a forecast radius of maximum winds was inferred from the

24-hour forecast by:

V R '5 =. '5

mt mt m24 m24

where t=12, 48- and 72-hours. For the few cases where the

2-1 hour radius was not usable, a simple regression equation

was used (this was derived from the information in Table 2

section 2.3.1.2 below).

R 73 - 0.46 V in n mi.m m

This would only occur with low winds. It should be noted

that the intent here is to statistically handle the varia-

tions of the 50 and 30 knot wind radii from their forecasts

(either explicit or implied). Any lack of ability in the

Riehl profile to accurately specify the radius of maximum

winds is academic since that pseudo radius is used only

as a device to hold the 30 and 50 kt radii information.

Attempts to extend the results of this study to high wind

speeds (say 100 kts) would have to reckon with such a

defi ciency.

2.3.1 Statistical Results

The major findings of a statistical analysis of

the maximum wind and wind radii study will be presented

here. Several assumptions have been cited in the descrip-

tion of the WINDP model. Statistical support for those

assumptions will be indicated among the information

presented.
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2.3.1.1 Forecast Verification: Anytime forecast errors

are discussed, there is implied a knowledge of truth or

verification data. For the verification of maximum wind

forecasts, a post analysis of maximum winds by the JTWC

serves as this truth. The truth basis for 50 and 30 kt

isotach radii is far less solid. There is no post analysis,

nor was one attempted in this study. Instead, the JTWC

nowcast data was used as verification data. A further

complication arises when we try to verify the implied radius

of maximum wind since it is derived from the 30 and 50 knot

isotach and the maximum wind. This is a mix of nowcast

and postanalysis data, which can lead to some inconsistencies.

Table 1 presents a comparison of forecast and

verifying maximum winds.

Length of Forecast

12 hr 24 hr 48 hr 72 hr

Forecast maximum wind

mean 69 kts 70 kts 72 kts 74 kts

standard deviation 26 kts 26 kts 25 kts 26 kts

Observed maximum wind

mean 67 kts 67 kts 67 kts 62 kts

standard deviation 28 kts 31 kts 35 kts 38 kts

Correlation coefficients

forecast to observed 0.84 0.76 0.60 0.47

initial to verifying 0.83 0.64 0.27 0.06

initial to forecast 0.92 0.84 0.66 0.48

Number of cases 1727 1338 1096 839

Table 1. Comparison of JTWC Forecasts to Observed Maximum

Winds from Years 1972-77.
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Table I reveals a rather pronounced bias toward

overforecasting wind speed. The same tendency seems evident

in the objective techniques used at the JTWC (JTWC, 1977),

but not in their official verification (see, for example,

J'fC. 1977). This apparent difference is probably related

to our exclusion of land effect cases. The inclusion of

these in the official verification would account for the

over-forecasting by objective techniques since they are,

without exception, designed for overwater use only.

The correlation between forecast and observed

maximum winds is interesting when compared to the correla-

tion between initial (nowcast) and the verifying winds 12,

24, 48 and 72 hours later (a measure of actual persistence)

and between the initial maximum wind and the forecast (a

measure of the forecaster perceived persistence). The

implication here is that early forecasts are heavily

persistence and, in fact, that maximum winds over the short

term are highly persistent. One might conclude that the

influence of persistence is too heavy on longer range fore-

casts; however it is clear that the forecaster, by whatever

means clearly improves on persistence in long range fore-

casts (i.e., he has the right trend).

Brody et al (1979) compared the forecast change

in the radius of 50 kt winds to the actual change. Figure

9 shows those results for the 24-hour forecast. He found

that the correlation coefficients increased steadily from

0.45 in the 12 hour forecasts to 0.60 in the 72 hour

forecast. The reason for the increase in time is again a

reflection of the use of persistence in short range fore-

casts (constant change of zero is forecast) and the fore-

casters ability to specify the trend of the longer range

change.
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Table 2 compares the implied radius of maximum

winds, forecast to observed.

Forecast Length

12 hrs 24 hrs 48 hrs 72 hrs

Forecast Max Wind Radius

mean 38 nmi 37 nmi 34 nmi 33 nmi

standard deviation 18 nmi 17 nmi 17 nmi 16 nmi

Observed Max Wind Radius

mean 39 nmi 38 nmi 37 nmi 38 nmi

standard deviation 18 nmi 18 nmi 18 nmi 18 nmi

Correlations

observed to forecast 0.51 0.50 0.33 0.37

max wind to radius
of max wind -0.62 -0.65 -0.69 -0.72

Observed Max Wind

mean 74.5 77.7 82.7 85.7

Number of cases 1399 1060 804 522

Table 2. Comparison of the Radius of' Maximum Winds

It should be noted that the information required

to compute radius of maximum wind is not available for

verification when maximum winds are below 30 kts nor is the

forecast information available when the maximum wind is

forecast to be 30 kts or less. Thus the radius of maximum

wind was not verified over the same range of cyclone in-

tensities as maximum wind. Because of this, Table 2

differs from Table 1 in that it gives a smaller number of

cases and larger mean observed wind speed.
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The apparent under forecast in radius (f maximum

winds is a reflect ion of* the same over 'orecast in maximum

%ki nds shown in Table 1, since the two are inversely related

Il t he assumed pro file . This is slhoxkr in the correlation

ltween these two values in Table 2. The low c'orrelation

betweten the obs'\ed and ()recea:st raldi us. )f maximum wind.

(not surpri.sing and simply reflects the )()()i state ol' the

eatsr'emen ant ai understand ng of airel 1 wi nd distribut ions.

2.3. 1 .2. lRegres-- ion Equat ions for P. and V • Stepwi seIn ml

l in(,ar regress ion l a 1 vs i. was pert iormed on bo th maximum

winds and the radi us of Maximum winds;. 'I'hisl wa.s done to

remov(, any sy.s eroat i ii as from the 'ole(asts and also

blcauset tihe residuals from such an analyvsi s provide a

ready so(urce of statistical information. Table 3 summarizes

the resu I ts of that anal Nssi s.
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PREDICTANDS

Radius of Maximum Wind Maximum Wind

12hr 24hr 48hr 72hr 12hr 24hr 48hr 72hr

PREDICTOR

Verifying V -0.62 -0.55 -0.50 -0.50 Predictandm

Verifying R Predictand Not allowed to enterm

Forecast V Not allowed to enter 0.40 0.48 0.67 0.45
m

Forecast R 0.29 0.33 0.16 0.19 Not allowed to enter
m

Forecast Lat 1.29 * * * -0.45 * * *

Forecast Long 0.09 * * -0.43 * -1.06 -0.24 -0.23

Initial Lat -1.17 * * * * -0.50 -1.21 -1.88

Initial Long * 0.09 0.14 0.58 * 0.96 * *

Initial V 0.27 0.24 0.09 0.07 0.56 0.39 * *
m

12hr chg V * * * * 0.42 0.49 0.41 0.50

12hr Speed * * * -0.57 -0.40 -0.85 -1.29 -0.74

INTERCEPT 39.1 39.3 47.7 49.0 12.3 36.8 84.3 97.5

r 0.72 0.72 0.73 0.76 0.89 0.83 0.69 0.59
r2 0.52 0.52 0.53 0.58 0.79 0.68 0.48 0.35

STD ERR 12. 12. 12. 11. 13. 16. 25. 31.

Table 3. Results of stepwise linear regression analysis to predict

radius of maximum winds (R ) and maximum winds (V ) at

12, 24, 48 and 72 hours. (*Not selected by stepwise screening.)
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These regression equations are used to predict

the r.ioximum wind and the radius of maximum wind, and the

residuals form the statistical basis for handling forecast

(,rr,,r.,. This is done by assuming the residuals to be

nuormally distributed with , = 0 and o = standard error.

Figure 10 are plots of the cumulative frequency

dist !i but ions of the residuals from the regression equa-

tions of Table 3 on probability paper. The assumed normal

dist .ibitions die shown as straight lines. With some minor

(,xc(OiltiOn agreement is very good. There is some insignif i-

cant disagreement in the tails, and the plot of the 12

hour f(recast maximum wind residuals is significantly non

normal Itt the 5"" level using a Kolmogorov-Smir nov test.

Th(, ,)s-; ' v\ed distribulion is too peaked. It is doubtful

that this is serious in the present use.

2.3.1.3 Position Errors Related to W',ind Forecast Errors:

A necessary and sufficient condition to cause

winds of 50 kts to be observed during the passage of a

typhoon by a point is that D(CPA distance) and R5 0 (Radius
500of' 50 kt winds) combine so that D<R 50' A particular veri--

tying position (lat/lon) determines an instantaneous

distance (D) fr(m a known point. Hence the conditions for

the 50 kt winds will be met by the typhoon occupying certain

positions and at the same time having an R50 of a certain

value. Each RP50 and position can be expressed as a forecast

and a particular error set (E-W error, N-S error and error

in R 50). Given an initial value of R 50. the major con-

tributor to determining R5 0 (and hence the R50 error) is

the maximum wind. It is important then to examine the

relationship between position errors and errors in maximum
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wind. Wind errors were compared to position errors for a

sample consisting of the same cases as in Tables 1 and 2

but using only every fourth case to reduce interdependence.

Table -1 summarizes the results of that comparison.

The components and vector position errors are

consistent with those published by JTWC and found by others.

The correlation between position error components (Rxy)

is close to those found by Nicklin (1977), and the wind

error is consistent with Table I except the overforecast

bias is somewhat less in this sample.

The surprising finding here is the lack of correla-

tion between position errors and wind errors. None of the

Rxw. Ryw or Rea values are signiflicantly non zero. One would have

at least expected large errors in position to have been

accompanied by large wind errors, but this does not seem

to be the case. This finding is cited as the basis for the

assumption that position errors and errors in the radius

of a particular isotach are independent.
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12 hr 24 hr 48 hr 72 hr

Zonal error (W-E)X

mean R -5 n mi -5 n mi -9 n mi I n mi

std dev Sx 58 n mi 116 n mi 233 n mi 378 n mi

Meridional (S-N) Y

mean Y -5 n mi -15 n mi -40 n mi -79 n mi

std dev Sy 49 n mi 93 n mi 187 n mi 269 n mi

Wind Error W

mean W I kt 2 kt 4 kt 3 kt

std dev Sw 13 kt 18 kt 24 kt 26 kt

Abs Wind Error A

mean A 9 kt 13 kt 19 kt 20 kt

std dev Sa 9 kt 12 kt 15 kt 17 kt

Position Vector Error E

meanE 65 n mi 130 n mi 262 n mi 405 n mi

std dev Se 40 n mi 74 n mi 149 n mi 240 n mi

Cases 504 390 293 203

Correlation Coefficients

Rxy 0.03 0.09 0.23 0.33

Rxw 0.00+ -0.01 0.03 0.03

Ryw -0.01 0.02 0.09 0.09

Rea -0.00 -0.04 -0.07 0.07

Table 4 Comparison of position forecast and wind forecast errors.
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2.4 Computational Example

The actual operation of the model can best be

described by means of an example.

The fotlowing nowcast and 24-hour forecast in-

turrmation is given:

Time = 0 Time = 24

Latitude 12.5 0 N 13.6 0 N

Longi t ude 155.5 0 E 150.7 0 E

Maximum Wind (VM) 105 kt 115 kt

Radius 50 kt wind 45 n mi 60 n mi

Radius 30 kt wird 90 n mi 120 n mi

Inferred RI 9 n mi 10 n mi

Speed of motion 12 kt

Past 12-hr change V
m +10 kt

Using the regression equation based on the co-

efficients from column 6, Table 3, the 24-hour maximum

wind prediction (V) is III kt. The probabilities of the

actual maximum winds falling within 7 discrete zones above

50 kts are shown as P(VI<Vm<V 2 ) in Table 5.

Values of the radius of maximum winds are pre-

dicted using the regression coefficients of column 2,

Table 3 and V., a representative value of V from each
i m

zone. Notice that in Table 3 the actual verifying V was
m
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was used as a predictor for R Presently an array of
m

assumed values of V (specifically V.) are used to predict

R The predicted radii of maximum winds are shown as

RH\(V.) in Table 5. Thirteen values of the radius of 50 kt

winds (R.). 25-325 n mi are assumed. Using the Riehl pro-

file a radius of' maximum winds (R ) is computed which would

cause 50 kt winds to occur at radius R. if V were V.. P.

is the probability the actual radius of maximum winds will

exceed R.. given the forecast R m(V i ). The column headed

P(R 50',) is the sum of these probabilities weighted by

P(Vi <V 9V)

This table of probabilities P(R 5 0 >Rj) can then

be plotted graphically as in Figures 4i and 4e. Also needed

for the plot in Figure 4e are the probabilities that the

cyclone passes within a distance smaller than each of these

R. values P(D<Ri). It is important to note that for over-

water points the P(R 5 0 >R) are treated as being independent

of geography, thus need only be calculated once irregardless

of the variety of geographical points considered. The

P(D<R.) are, of course, geography dependent.
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2.5 Assymmetry

We assume the Riehl profile holds for both the

right and left side of the cyclone and that the winds

which are observed are the vector sum of the symmetric

winds and the forward speed of' motion.

If Vs is the stationary maximum wind located at

radius Rm from the center, then the radius of some isotach

V is .- iven on the right side by

(+)2R

cr1

and on the left by

R / --S R

Re , V m
C

wh(,re S is the forward speed of motion. We assume the

V is, :'tch t., h)e i c rcl e of radius

= * (R + R )
C (.

ith conter to the right of the cyclone at a distance

d = A( r - R

S imp I i I i ng

V 2 + S
2  V 2 _ 2S(V -S)

2 m 2 m
C C
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and

2S V R 2S(V -S)
d s m _ _m R

0 V 2 V 2 M
C9

• "A hero~g

I= + S.Vm

To accomodate the offset we simply consider a

1),)int .- (liefwhat removed from the real point of concern.

B.cause ol the mirror image effect, that offset is to the

IcIft ( rlat ivc to cyclone motion) of the point of concern.

We the n integrate over a symmetric area centered on this

offset point. This space intervration provides our estimate

of IP(L

2.6 .Model Speci fics

%lost of the details of how the wind probability

model works- have been given. The basic equations to be

.ved are

50 50P50 =  ,P(R 5 0 > r.) P( d= r.)

r .=O

a n d

P P(R 3 0 >r.) P(d=r.)

r .=0

over all values of r.
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This is accomplished in the following eleven

di st i fct operations.

(1 ) Select wind of concern V = 30 or 50 kts

(2) Predict the maximum wind V (r, ,gression

equation, Table 3).

(3) Assume in turn all reasonable IiIucs for

maximum wind V i(V >V )

(4) Calculate the probability of each assumed

wind occurring Pi (Pi=P(V i-5<V i +5) ) .
(5) Predict a radius of maximum wind R (V. )

(regression equation, Table 3 using V.
1

as a predictor).

(6) Assume in turn all reasonable values for

the radius of V isotach r.
c J

7) Calculate the maximum wind radius R.
1'

necessary to cause the V i sotach radiusc )
to be kr ir V m=V i  (R i.j+V, /V r.).

( ') CaIculate the 1prob.ibi Ii ty ()t .. b(.i ni

,xCCcI d (P ij ) given the forectast R ( V

use res i dua from reg('ressi(n 01 ULt in(.n,

Ta 1be 2 ).
(9 Add P.. x P.. on to a running sum (U

Ii = P(R >r.). These wi l l be stored for

Ihe (, 12, 2-1, .48 and 72 hour fo reras ts.

1, is the actual yeri fying VC is(tILch

'Ia (i us ) .

(10) When we consider a sptcif Ic p0int (, tsetl

r)()r assymmetry) we s t ia I \ in I rat t t

()btain the probtbilit y hI th . i

passing within a radius ( r l' , .
.1 .

similar to STRIKP) while interpe)lat in

f rrm storage (see step 9) tho prolnai ity

-.48-



of this I. being oxceeded by the act ua I

P The sum oIt, Pl=r )I It "v r ) e)ver al lr .1"r - .1

pos,,si 1) r. is tIe inst antaneous _ ba litJ

of V in 1d. I ucc 1'1,i ng t o u, s p)tc i e d
(.

pu i n t.

I ) In t eg II te t 1iesC -poba: i I i ti(, o\(2Ie li ime

in a manner i den Iical t hat oI STRI K.

The steps i n the summa ti )ns which amount to

i1ji d Ii f f olo enlc iue of tilE' i tite" 'als; 'l t i uous 1unrt ijons.

requ Ili's a ss pt ion,, f end points and t1 parc(ing- in

opola ion.s 3 , 6 and 10

These dec is ions were made i n part bY li rst

maki n!i the [,nd p(i nts ext emel Far aparvt and the step

spa'ing Ls fine as the data permi tted (winds and radii are

a I waY 1) s c i f eclid in multiples of 5 kt s or 5 n mi). Ther,-

a f( tr in t he interiest of e(onolny of operation. the.e wee

re axe( s I ong as no s i gn i ficant di fffo enceis were evi dent

in the, pi-oa)i I it ies for a test set ofI cases.

The I i mli ts and stel)s in the f ina i I e is ion o f

WIND1P are as f(l I ows"

V 30 or 50 kts

V " V t o 150 kt s in 10 kt s I epsm c'

R C 0 to G]75 n mi in 75 n mi steps

r :0.5 Sy to 675 n mi in 0.5 Sy steps, where.1
Sy is tho .- tandard deviation )f the north-

0o1iIth ('fll)(dleli of e'orecan[st eo1ror.
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2. 7 Testing

All aspects of the WINDP/STRIKP programs were

-t -J on independent data. Generally the test results

.h,' 7he principles to he sound and the weaknesses to be

min,)r ind manageable by routine monitoring.

,2. 7. , Has the t rack forecast accuracy changed 'rom

that of the base years? A major improvement in track fore-

'ai ing would invalidate WVINDP/STRIKP since an underlying

-tau 7pttion has been that forecast errors have not changed
st a! st ical 1y over the past decade. Figure 11 shows

ad usl ed or handi capped average annual forecast errors for

thV- years 1966-79. These are adjusted f')r forecast diffi-

c.ulty and reconnaissance support (see Jarrell et al, 1978).

Th re does appear to be a trend toward decreasing forecast

(, r Iors. Our purpose in examining the trend in forecast

,,rrors is to project into the future and to estimate whether

,or not adjustmenls should be made for the trend. The adjust-

tent itor dit'Viculty is reasonable because we can't anticipate

or(astt dilficulltv on a long term basis. The adjustment

f'(-!, r ,connaissance , on the other hand, is inappropriate

f'(tr t he p', resent purpose since i t contributes to the trend

in a n(n-random and Fairly predictable way. It is clear that

the trend would be somewhat offset without the adjustment for

reconnaissance support since this adjustment has grown steadilv

since it reached a minimum in 1968-69. The slope of the 24-

hour t rend I ine in Fi gure II shows a 1 .2 nmi /year improvement,

which is small but signi ficant (a,=0.0 5 ) . The same slope with-

)ut the, reconnaissance adjustment is 0.27 nmi/year improvement

the latter is not significant (u=.05). This suggests that

real improvement in forecasting skill is being essentially

of'fset by poorer positioning capability within the warning/

forecast system.
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7-2-H1our Forecast

48-Hour Forecast

1,6 1970 1975 19'/9

'i gure 1.1966-79 annualI forecas t errors adj usted for di f ficul ty
and reconnaissance SuIpport (after Jarrell et al 1978).
The dashed lines are least squares trend lines.
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Figure 12 compares the way the 1979 forecasts fit

the STRIKP bivariate normal model. One can think of a

vertical line as representing a probability ellipse, where

that Iine intersects the 45 ° line is the fraction of the

verifving positions which were expected to fall within the

ellipse. The string of dots represents what really happened.

Dots below the line represent worse than expected forecasts,

those above are better than expected. As can be seen, the

relatively easy (Class 1) forecasts were handled slightly

worse than their h is torical (1966-75) counterpart while the

average, (Class 2) and difficult (Class 3) forecasts were

I(, rea.<st better than their historical counterparts. This

finding is consistent with the conclusion above, concerning

r(,(,)nnaissanc(. since the easy forecasts are most persistent

and hence rios t susceptible to tracking error. One cannot

directly apply the results of Figure 12 to evaluate the

winrl/strike probahi lities since these are very specialized

p)i- l)abi I i ties centered on the forecast point. The implica-

t;()n is that for Class 2 and parti cularly Class 3 cases,

proba:bility ellipsLes would be too big; this results in

probabilities for point,; f"ar off the track being too large

(maI I probalbi lit ies are too large) and those along the track

bei nio to( smail ( Ilrge probabilities are too small). Since

Figure It shows 1979 to have been an unusually well foire-

cast year. i t does not appear reasonable to expect a con-

tinued trend of well handled Cl'ass 2 and Class 3 forecasts;

no adjustment for trend appears warranted based on the

()ls (1' \al ion that the trend in forecast errors is near zero.
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Figure 12 . Comparison of distribution of Western Pacific tropical cyclone forecast errors to
bivariate normal distributions described by Nicklin (1978) Individual diagrams are
left to right for 24, 48 and 72 hour forecasts and top to bottom for class 1, 2 and
3 forecasts which are expected (in advance) to be easy. average and difficult
respectively,
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2.7.2 Testing of wind and wind radii forecasts.

The maximum wind and wind radii were verified

against best track (maximum wind) and warning data (radii)

for 1979. The wind radius verified is the circular average

of1 that forecast or reported.

The following table summarizes the verification.

Fest Max Winds 30 kt Radius 50 kt Radius

Interval Mean STD Mean STD Mean STD Cases

(hrs) Error(kt) Dev(kt) Error(nm) Dev(nm) Error(nm) Dev (nm)

12 -1 13 -1 23 608

24 -2 18 -1 58 -2 30 559

48 -2 26 -2 38 455

72 0 32 -2 43 359

Tab I e 6.

C()mrf-i:rable igures for the maximum winds (no

.( mpa rathle wind radius data were computed) for the dependent

devc- ,I)menl tcia ta are "

Interval Mean Stdev

12 hr 2 kts 15 kts

24 hr 3 kts 20 kts

48 hr 5 kts 28 kts

72 hr 12 kts 33 kts
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It is apparent that the large bias which was evident in the

development data has been removed. Since the WINDP algo-

rithm anticipates and corrects for this bias, there is a

danger that winds will be underforecast. As will be shown.

this does not appear to be the case. The intercept for

the wind regression equations (in the wind radius algorithm)

could be increased by the mean above, in effect, assuming

a zero bias. No comparable adjustment would be necessary

bor wind radii since they are heavily dependent on max wind.

This adjustment does not appear warranted since no systematic

underforecast (of WINDP) is observed. Maximum wind impacts

WINDP (a) in establishing the probability that 30 or 50

kt winds exist at all and (b) through its influence on

the wind radii. The importance of the latter input is

minimized because maximum wind enters through a regression

equation (for radius of maximum wind) where its effect is

tempered with other predictors.

A far more important aspect of the verification

of maximum winds and radii is the behavior of the wind

radius algorithm. The fundamental assumption was that errors

out of this algorithm are normally distributed. Figure 13

shows a comparison of the cumulative distribution of errors

against the normal model. As with figure 12, the inter-

section of a vertical line with the 45' line represents the

expected, while the dots represent the observed. The agree-

ment of the maximum wind to the model is nearly perfect,

as is the 30 kt wind radius comparison which has no points

where the difference between observed and expected is

significant (a=0.05). There are some points on the 50 kt

radius where the difference in observed and expected are

significantly different. These are around 405 on the 12

and 24 hour comparisons; note that these are back near the
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Comparison of forecast error cumulative distribution to a normal distribution.
Individual diagrams are left to right maximum wind error, 30 kt wind radius error
and 5~0 kt wind error. Top to bottom are forecast times 12, 24, 48 and 72 hours.
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line by 50',. This represents a spike of correct forecasts

(a spike on a bell shaped curve). There is no easy answer

for why this occurs. and it may be related to a prediction

(and -eril'ication) of radius = zero, which is the case

when the maximum winds are below 50 kts.

2.7.3 Discrimination Based on Warning Position Error (WPE).

The f orecast dif'ficulty algorithm does not directly consider

WPE. Indirectly this may be considered since WPE is related

co stvora I other predictors (i.e., maximum wind, latitude,

speed of' motion, etc. ). Two methods of estimating WPE

wer, t ried: these were:

(1) relating WPE to "accurate within" iigure

in the warning, and

(2) relating WPE to fix basis as given in the

warning.

The second method is far better and it alone

will be discussed here. First, all 1979 forecasts were

divided into unique classes on fix basis. For example,

one class was aircraft reconnaissance, another was land

radar, another combined these two, etc. WPEs were com-

puted for each class and classes were combined where WPEs

appeared to be about the same.

The first group to Fall out were the bad posi-

tions. When the terms "extrapolation", "synoptic" or "ship"

data were used, WPEs as a group were large (Class C). When
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aircraft, or land radar was cited (without citing also any

of the previous three methods), WPEs tended to be small

(Class A). All other combinations, which were dominated

b1 satellite fixes, were left to a large middle group (Class

B). Table 7 relates mean WPE (nmi) stratified by fix class

(A,B.C) and difficulty class (1,2,3) as a ratio to those

.urrt-ntly in the WINDP/STRIKP models. These involve 1084

ca.ses from both 1978 and 1979 forecasts.

DIFFICULTY CLASS

Fix Class 1 2 3 ALL

A 12 (64) 18 (68) 15 (121) 15 (253)

B 23 (159) 27 (279) 26 (332) 26 (770)

C 27 (7) 31 (25) 35 (29) 32 (61)

20 (230) 26 (372) 24 (482) 21 (1084)

Fable 7. Average Warning Position Errors (WPE) as a function of
difficulty class (1,2 or 3) and fix class (A,B or C).
Errors are given in nmi. The average WPE in the STRIKP
development sample (1971-1975) was about 26 nmi. Figures
in paranthesis are numbers of cases.

This information could be used to modify the

existing bivariate normal parameters in any of several ways.

Care must be exercised not to go overboard on this relatively

small data set (the 66-75 data set was about 5000 cases).

One ,,onservative method of applying this data is to adjust

the, standard deviations (in the STRIKP algorithm) according

to variation in average error as a function of forecast

period (0-72 hours), difficulty class and fix class.

This would improve discrimination and should lead to

better probability estimates (increased large values,

decreased small values). Figure 14 illustrates a least square
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lit (over time) to suitable adjustment factors. This ligure

suggests that with the easy (Class 1) forecasts, the better

the warning position, the better the forecast. With the more

difficult classes the previous appears only to hold true in

the short range forecasts (less than 36 hours): for longer

range forecasts the worse the WPE, the better the forecast

error. This, apparent paradox may relate to the necessity

to "forecast" with these difficult cases versus using extrap-

olation. This argument only holds up if we assume the fore-

caster knows he has a difficult forecast and understands the

quality of his warning position. Recognizing a difficult

forecast has been facilitated by the STRIKP program providing

difficulty class information over the 1978-79 seasons. A

module to adjust standard deviations for difficulty class/

fix class combinations was placed in the STRIKP code and

forecast confidence values were computed. Those confidence

values are given in Table 8.

Conclusion. The testing of WPE indicates a strong potential

for improving the discrimination by using fix class. Be-

cause this was a limited data set, further testing is recom-

mended prior to a decision on adoption of this (or some

similar) algorithm modification.
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Figure 14. Average forecast error of 1978-79 tropical cyclones as a
function of difficulty class (1,2, and 3) and fix class

A(O), B(A) and C(w). Errors are given as a ratio to
the average error for that difficulty class in the STRIKP

development sample (1966-75). (- - - are least squares
fit lines). On the left scale 1.5 would be 50% larger

than the corresponding average error in the development

sample
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FORECAST CLASS 1 2 3

Fix Class A B C* A B C A B C

Time

Dist
(nmi) % % % % % % ,'

0 20 60 35 35 48 30 23 55 34 20

30 87 62 62 77 55 45 83 60 40

12 50 56 34 34 34 25 20 31 22 13

75 84 60 60 60 47 39 56 42 27

24 100 65 41 41 40 35 30 33 29 19

150 90 69 69 68 61 54 58 53 37

48 200 43 26 26 32 39 37 24 31 23

300 71 51 51 58 67 65 47 57 45

72 300 30 18 18 27 43 49 21 38 33

450 55 64 64 49 74 77 41 66 60

Table 8. Estimates of probability that forecast errors classified by

fix type and difficulty class, be less than two distances.
(Note the second probability includes the first.)

*Only two fix classes are recognized for Class 1 forecasts,
Class C was so small it was merged with Class B.
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2.7.-1 Testing WINDP. Testing of the WINDP predicted

values against observed followed the same plan as with STRIKP

reported by Jarrel1 (1978). An array of latitude/longitude

co, rdinates of 40 western Pacific points (Figure 15) was

assembled. WINDP values for 30 and 50 kts were calculated at

12 hour intervals from the issue time of 1978 and 1979 JTWC

tr-opial cyclone forecasts. Points of computation were

so ti,, ed at random from the array of forty for each -torm

50 not m()re than 10 points were considered for any storm and

the- xcre lutrther reduced by using only those which would

o,%( ntual ly be within 1000 miles of the tropica] oyclrne

b.i t'orecast (using hindsight). A hit w as assumed i f th1e

calieii!.,todwarning time probability was greater than 50,

(in ailternat(, but more computationally complex method which

do It (er pi nd i 1 th e point was within the now (-ast radii about a

be-.st track point gave virtually identical results). As a

s;f (,cial .case veri frying positions which had a best track wind

ti t least 0 li t,- hut no 30 kit wind radius or less than

30 lit ,ki s wi th a non- zero 30 kt radius were cons idered con-

I it.ting, information and niot used to vori fy the occurrence

Of o0 kt winds but were 1(- ( t) ve(ri fy 50 kt w inds A

r1 -- t si tal i()n (1c.curs ret latIive v t) 50 kt wi nd . Since :0
lit winds ar( a ty pictatl maximum reported for the tropical

d(,epres-sion stage this first condition ,(ccurred freq(ently.

For this reason there are more verifiabl 1e 50 kt. WINDP

trdi io ns than 3M kt evn thoigh both (an always be computed.
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Table 9 compares the observed occurrences of 30

,)r 50 kt winds to the expected number of occurrences. The

Iaitter is calculated by the sum of the instantaneous prob-

a I i i es in class cells of' increasing xwidth (B-A).

- 0 7* 1213 1 9* 635 0 9* 290

1 124 1 2 166 1 3 160

- 3 1 114 4 1 155 3 6 139

- 6 4 108 9 5 169 8 13 158

10 3 87 19 21 172 20 14 178

29 15 127 39 21 177 30 26 138

58 41 122 41 34 96 6 5 15

- 22 22 30 1 0 1 1 0 1

AIl 129 94 1925 115 93 1571 69 76 1079

Table 9.

Th(, 1 I' ipa i soI is ge1'oneralI v (Iui te good, but doees tend Iowa rd

o\ I ees ), 1I 1 g 1)r, 1a bi I i t. A rather shocking number of
oh served (':is es of' 30 kt winds followed very sma1s pobalities

0-A'). Not( that on, forecast may occur several times and that

2.1 o)f these 25 occurrences (7+9+9) are all associated with one

n (ABBY 1979) andsa short serieso orfh ,asts of fast westward

mt,,l i, n whic(h pr(cudeda shirp turn to a Fast east northeast track.

lTi. vil Ir. l ra 'k happned t pass severa I test points.

The point he,- is that in rea, lity, this is not 2.1 forecasts,

ilt onlv on(, independent non recurvature Forecast which

bus t(d. Because us t ab Ii sh i ng independence between cases is

di fIicult therev is no valid t est for the signi ficance of the

-64-



SUMMARY

The testing revealed two weaknesses which one

mil-h t ()flc Iude would lead to biased probability estimates.

*Th. (:(,rrection of an earlier wind overf()recasting bias would

. to cause underlforecasting WINDP. The better fore-

,' I in (although likely not a trend) in the independent

(IT,, v. uld suggest o)ver')recasting the small pro)babi lities

,,fsot t i n the above) while underforecasting the large

ritAf:I,ilities (reinforcing the above). Thus we would at the

%(,ry le ast expect to see the large values under forecast.

hut inst ead we seem to see a general overforecast. There

appeaus to be no compelling argument to support any em-

piiricial adjustment to c()rrect deficiencies whose significance
is ma Ir *inal1

There does appear to be merit to discriminatin.g

f)rectst difficulty on the basis of WPE as estimated by fix

soaree. I t is recommended that this concept be tested on

1980 tb recasts. If the JTWC has retained difficult), class

speci ficat ions for 1980 forecasts, a reasonable test on fore-

(ast error c)uld he readily conducted using Table 8 wi thout

addit ional outside effort. Beca use some implications of these

discrimination results represent a departure from the ex-

pected, further independent testing should be conducted

before a decision to adopt WPE discrimination into the WINDP/

STRIKP algorithm is finalized. Such adaption is a minor

programming effort. In any case WPE discrimination offers a

further, although tentative, aid to JTWC's confidence

estimating efforts.
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Test results for the time integrated probabilities

are much the same. The following table compares occurrences

versus expected 30 and 50 kt winds over 12 hour periods.

None of these are signi ficantly di fferent using the same 5,

test as before although the 48-60 hour 30 kt comparison is

bo rde lI i ne.

30 KT 50 KT

Period (hours) EXP OBS CASES EXP OBS CASES

0-12 93 60 624 26 16 756

12-24 69 43 550 23 17 682

24-36 39 29 561 14 9 672

36-48 35 39 351 14 16 318

48-60 13 0 459 12 10 413

60-72 15 20 258 7 12 235

Table 11 .

These show the same t endencv to over forecast as do the

instantzineouus predic&tions. The one plausible explanation -for

this phenomena is that the test forecasts were better than

expected. This is particul-arly true of the long range fore-

casts. Good forecasting results in an overestimate of

probabilities relative to points far removed from the track

(small probabilities) and an underestimate of large prob-

abilities. As can be seen from Tables 9 and 10, large

probabilities are rare with long range forecasts. For this

reason there is an apparent overforecasting tendency which is

considered to be transitory, associated with 1979 only.
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[" M.M,.RY

The testin- reveak( d two weknes s es which One

rnaih tconclude wouldt le(ad to hi,.tsed lpro,)abi Itv 0.1imates.

The correction of in earl ier wind (oxerf(orecast ing bias would

see-P to cause undWrlorecas ti r INI)l , Th lo.tter fore-

ca> ring (although likely not a trend) in the independent

cita w)uld suggest rlverforiastin" the-, .mull piobabities

,(oifsetting the above) while underforecasting the large

pro)abilities (reinforcing the ab(ove). Thus we w)uld at the

very least expect to see the large v-alues under forecast,

but instead we seem to see a general overforecast. There

appears to be no compelling argument o support any em-

pirical adjustment to correct deficiencies whose significance

is marginal.

There does appear to be merit to discriminating

forecast difficulty on the basis of WPE as estimated by fix

source. It is recommended that this concept be tested on

1980 forecasts. If the JTWC has retained difficulty class

specifications for 1980 forecasts, a reasonable test on fore-

('ast error (.ouid be readily conducted using Table 8 without

additional outside effort. Because some implications of these

discrimination results represent a departure from the ex-

pected, further independent testing should be conducted

before a decision to adopt WPE discrimination into the WINDP/

STRIKP algorithm is finalized. Such adaption is a minor

programming effort. in any case WPE discrimination offers a

further, although tentative, aid to JTWC's confidence

estimating efforts.
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